The purpose of this study was to determine the effects of the histone deacetylase inhibitor, MS-275, on the Fas signaling pathway and susceptibility of osteosarcoma (OS) to Fas ligand (FasL)-induced cell death. OS metastasizes almost exclusively to the lungs. We have shown that Fas expression in OS cells is inversely correlated with their metastatic potential. Fas + cells are rapidly eliminated when they enter the lungs via interaction with FasL, which is constitutively expressed in the lungs. Fas − OS cells escape this FasL-induced apoptosis and survive in the lung microenvironment. Moreover, upregulation of Fas in established OS lung metastases results in tumor regression. Therefore, agents that upregulate Fas expression or activate the Fas signaling pathway may have therapeutic potential. Treatment of Fas − metastatic OS cell lines with 2 μM MS-275 sensitized cells to FasL-induced cell death in vitro. We found that MS-275 did not alter the expression of Fas on the cell surface; rather it resulted in the downregulation of the antiapoptotic protein, c-FLIP (cellular FLICE-inhibitory protein), by inhibiting c-FLIP mRNA. Downregulation of c-FLIP correlated with caspase activation and apoptosis induction. Treatment of nu/nu-mice with established OS lung metastases with oral MS-275 resulted in tumor regression, increased apoptosis and a significant inhibition of c-FLIP expression in tumors. Histopathological examination of mice showed no evidence of significant toxicity. Overall, these results suggest that the mechanism by which MS-275 sensitizes OS cells and lung metastases to FasL-induced cell death may be by a direct reduction in the expression of c-FLIP.
INTRODUCTION
Osteosarcoma (OS) is the most common primary malignant tumor of the bone in pediatric patients. Although survival of patients with nonmetastatic disease has improved dramatically, patients who present with metastasis, primarily to the lung, have a poor prognoses with overall survival rates of less than 20% [1, 2] . Therefore, the need for novel therapeutic strategies for metastatic OS is ongoing.
Our laboratory has demonstrated that the Fas/Fas ligand (FasL) pathway plays an important role in the metastatic potential of OS. We demonstrated in OS in vivo models that while the OS primary tumor in the bone contained a population of both Fas + and Fas − cells, pulmonary metastases were Fas − , suggesting that Fas expression was inversely correlated with metastatic potential [3] . In addition, pulmonary metastases from patients were found to be Fas − . The lung is one of the few organs to constitutively express FasL [3] [4] [5] [6] . We have demonstrated that Fas + OS cells are cleared in the lung by activation of Fas signaling and apoptosis, while Fas − cells have the ability to evade this and survive to form metastatic lesions [3] [4] [5] [6] . In particular, we showed a correlation between Fas expression and the clearance of OS cells from the lung [3] . Fas + OS cells were cleared within 24 hours while Fas − cells remained. Upregulation of Fas expression in Fas − OS lung metastases resulted in tumor regression indicating that this may have therapeutic potential [4, [7] [8] [9] [10] .
The Fas/FasL signaling pathway has been implicated in the pathogenesis of several tumor types and malignancies. The Fas receptor is known to induce apoptosis by binding to FasL. Receptor-ligand interaction induces the recruitment of Fas-associated death domain (FADD) and procaspase-8 to form the death-inducing signaling complex (DISC). Interaction of procaspase-8 at the DISC leads to its autocatalytic cleavage and activation, which result in caspase cleavage either via the mitochondrial pathway or by direct activation of the effector caspases. Inhibition of Fas-mediated apoptosis is regulated by FLICE-inhibitory protein (FLIP), the structural homologue of procaspase-8 [11] . Cellular FLIP (c-FLIP) competes with procaspase-8 for recruitment to FADD at the DISC [7] . c-FLIP has been found to be overexpressed in numerous cancer cell lines and primary cells and tissues from patients [12] [13] [14] [15] [16] [17] [18] . Since overexpression of c-FLIP is associated with increased resistance to death receptor pathways, several investigators have found that downregulation of c-FLIP results in the sensitization of tumor cell lines to Fas-mediated apoptosis.
Histone deacetylase (HDAC) inhibitors are promising anticancer agents with therapeutic potential against numerous solid and hematological malignancies. Several HDAC inhibitors, including MS-275, are in clinical development for various cancer types. HDAC inhibitors have been identified to induce cell cycle arrest and apoptosis in vitro and in vivo. Specifically, many HDAC inhibitors have been shown to sensitize cells to Fas-mediated apoptosis. However, the specific mechanism of how this may occur has been shown to vary by tumor type and drug. For example, upregulation of Fas or FasL expression has been demonstrated in neuroblastoma, promyelocytic leukemia and uveal melanoma following treatment with the HDAC inhibitors CBHA, apicidin and depsipeptide, respectively [19] [20] [21] [22] . Induction of cytotoxicity of acute leukemia cells by the HDAC inhibitor, PCI-24781, has been shown to be dependent on caspase-8 and FADD [23] . Additionally, downregulation of c-FLIP expression by the HDAC inhibitor depsipeptide has been observed in both chronic lymphocytic leukemia (CLL) cells and OS cells [22, 24] . MS-275 has also been shown to inhibit c-FLIP expression CLL cells and was followed by the induction of caspasedependent apoptosis [25] . However, few studies have examined the use of HDAC inhibitors to treat pediatric solid tumors, including OS [19, 26, 27] .
Because of the finding that HDAC inhibitors can activate the Fas pathway in some solid tumors and our data have shown that upregulation of Fas expression in OS cells is therapeutically beneficial, we sought to determine whether the HDAC inhibitor, MS-275, upregulates Fas expression on the surface of OS cells. Our results showed that at subtoxic doses, MS-275 was able to sensitize metastastic OS cell lines to FasL-induced cell death in vitro and induced the regression of established lung metastases in vivo. We identified the mechanism by which this sensitization occurs involves MS-275-induced downregulation of c-FLIP mRNA and protein expression.
MATERIALS AND METHODS

Cell Lines and Reagents
The human LM7 OS lung metastatic cell line was created in our laboratory by the repeated intravenous recycling of its parent cell line, SAOS-2, through the lungs of nude mice [3, 28] . The human OS cell line CCH-OS-D was provided by Dr. Dennis Hughes (The University of Texas MD Anderson Cancer Center). Both LM7 and CCH-OS-D cells have been confirmed to have a high metastatic potential and low expression of Fas as compared to SAOS-2 cells, and were therefore utilized in this study. All cells were mouse antibody protection (MAP) tested and were found to be mycoplasma-negative. Cell lines were validated by short tandem repeat (STR) DNA fingerprinting using the AmpF STR Identifier kit according to the manufacturer's instructions (Applied Biosystems cat 4322288). The STR profiles were compared with known ATCC fingerprints (ATCC.org), to the Cell Line Integrated Molecular Authentication database (CLIMA) version 0.1.200808 and to the MD Anderson fingerprint database. The STR profiles matched either known DNA fingerprints or were unique. The authenticity of the cells was determined by the Characterized Cell Line core at UT MD Anderson Cancer Center. Cell lines were maintained in complete Dulbecco's modified Eagle's medium (Whittaker Bioproducts Inc. Walkersville, MD) containing 10% heat-inactivated bovine serum (Intergen, Purchase, NJ) at 37°C in 5% CO 2 . Recombinant soluble superFasL (sFasL) was purchased from Enzo Life Sciences, Inc. (Farmingdale, NY). MS-275 was a kind gift from Syndax Pharmaceuticals, Inc. (Waltham, MA). The dose of 2 μM MS-275 was found to be the half maximal inhibitory concentration (IC50) in dose response experiments. Additionally, dose response experiments with sFasL was also performed (data not shown). Based on these dose response studies, 2 μM MS-275 and 10 ng/ ml sFasL were utilized for subsequent in vitro experiments.
Clonogenic and MTT Assays
OS cells were seeded into six-well culture plates and allowed to attach overnight. Cells were then treated with 10 ng/ml sFasL for 24 hours, 2 μM MS-275 for 48 hours or a combination of both. Following treatment, the medium was removed and replaced with fresh medium. After 10-12 days of incubation, cells were washed with phosphate buffered saline (PBS) and fixed with formalin. Cells were then stained with 0.4% crystal violet for 30 minutes to visualize the colonies. The colonies were counted using the Leica direct laser metal sintering (DLMS) light microscope by averaging eight fields per well. One colony was defined as 50 cells. 3-(4,5-dimethylthiazol-2yl)2,5-diphenyltetrazolium bromide (MTT) assay was used to assess the viability of cells after pretreatment with the caspase inhibitor Z-VAD-fmk (Enzo Life Sciences Inc., Farmingdale, NY) followed by treatment with MS-275 and sFasL. Briefly, 3000 cells were plated on 96-well plates and pre-treated with 20 μM Z-VAD-fmk for 2 hours followed by treatment with 10 ng/ml sFasL for 24 hours, MS-275 for 48 hours or a combination of both MS-275 and sFasL Untreated cells and cells treated with a single agent served as controls. After treatment, MTT was added to the cells at a concentration of 0.08 mg/ml for 4 hours followed by lysis with 0.1 ml of dimethyl sulfoxide (DMSO). Using a microtiter plate reader, the absorbance was measured at 570 nm to calculate the cytotoxicity. These experiments were performed in triplicate and repeated three times.
Western Blot Analysis and Antibodies
Total cell fractions were lysed using radioimmunoprecipitation buffer. For determination of acetyl-histone H3 (AcH3) and histone H3 expression, nuclear fractionation was performed by lysing cells with nuclear extraction buffer containing 50 mM 4-(2 hydroxyethyl)-1piperazineethanesulfonic acid] -potassium salt (HEPES-K) pH 8.0, 140 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA) pH 8.0, 0.40% Igpel CA-630, 0.20% Triton X-100, 10 μg/ml Aprotinin, 10 μg/ml Leupeptin, 2 ng/ml Pepstatin and 0.5 mM phenylmethylsulfonyl fluoride (PMSF). Nuclei were pelleted via centrifugation at 3000 x g for 3 minutes. Pellets were resuspended in sodium dodecyl sulfate (SDS) lysis buffer and sonicated for 15 minutes using the Misonex Sonicator 3000 at a power of 1. Lysates were then centrifuged for 10 minutes at 15,000 x g and the supernatant was collected as the nuclear extract. Equal amounts of protein were separated on 10% SDS-polyacrylamide gel electrophoresis (PAGE) gels and transferred onto a nitrocellulose membrane. Immunoblot analysis was performed using antibodies specific for AcH3 (Millipore Corp., Billerica, Massachusetts), histone H3 (Abcam, Cambridge, UK), caspase-8 (C15) and c-FLIP (NF6) (Enzo Life Sciences Inc., Farmingdale, NY). Loading was confirmed by probing membranes with an anti-β-actin antibody (Sigma Aldrich, Inc.). Western blot analysis for all experiments was repeated three times. Densitometric analysis on immunoblots was performed using the ImageJ software program (version 1.42q; National Institutes of Health).
Caspase-Activity Assays
Colorimetric caspase-8 and caspase-3 activity assays were performed using Ile-Glu-Thr-Asp p-nitroaniline (IETD-pNA) and Asp-Glu-Val-Asp p-nitroaniline (DEVD-pNA) substrates, respectively, according to manufacturer's instructions (BioVision Inc., Palo Alto, CA). The assays were performed in triplicate.
Quantitative Real-Time PCR
Total RNA was extracted using Trizol reagent (Life Technologies Inc., Gaithersburg, MD) and subjected to cDNA synthesis using a reverse transcription system (Promega Corp., Madison, WI). The PCR reaction mixture contained 100 ng of reverse-transcribed total RNA, 50 nM forward and reverse primers, and 12.5 μl of SYBR ® green buffer (Bio-Rad Laboratories Inc., Hercules, California) in a final volume of 25 μl. Quantitative real-time PCR was carried out in triplicate using the Bio-Rad 105 Real-time PCR detection system. The primer sequences used were 5′ACCG AGACTACGACA GCTTT GTG3′ and 5′CAATGTGAAGATCCAGGAG TGGG3′ for c-FLIP and 5′ATCATGG TTTGAGACCTTCAACA3′ and 5′CATCTCTTGCTCGAAG TCCA3′ for β-actin as a control. The cycling conditions were 3 minutes at 95°C followed by 45 cycles at 57°C for 30 seconds, 95°C for 30 seconds and 1 minute at 60°C. All experiments were repeated three times.
c-FLIP Short Hairpin RNA-Expressing Clones
LM7 OS cells were infected with retroviruses expressing shRNA-cFLIP, shRNA-scrambled or vector pGFP-V-RS (Origene Technologies, Inc., Rockville, MD). To select transfected clones, cells were grown in media containing puromycin. Knockdown was confirmed by western blot analysis using an antibody against c-FLIP (NF6; Enzo Life Sciences Inc., Farmingdale, NY) and by quantitative real time-PCR using primers against c-FLIP (5′ACCGAGACTACGACAGCTTTGTG3′ and 5′CAATGTGAAGATCCAGG AGTG GG3′. The shRNA sequence for c-FLIP knockdown was TGCACAGTTCACCG AGAAGCTGACTTCTT (ID: GI355835) (Origene Technologies, Inc.).
Animal Studies
Female nu/nu mice were purchased from the National Cancer Institute (Bethesda, MD). All animals used for in vivo experiments were housed in standard cages, at five mice per cage and provided with food and water ad libitum. Animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at The University of Texas MD Anderson Cancer Center. Mice were injected with 2 × 10 6 LM7 cells via the tail vein. Formation of microscopic and macroscopic lung metastases was verified within 5 -6 weeks by observation and hematoxylin and eosin (H&E) staining of resected lung tissue. The mice were randomly divided into 2 groups (10 mice/group) and received 20 mg/kg MS-275 or DMSO (as a control) in 0.2 ml by oral gavage every other day for 15 days. Survival studies were conducted using 15 mice per group using the same method described above to establish lung metastases. MS-275-and DMSO-treated mice were observed to assess their survival. The dose of MS-275 used in our in vivo studies was comparable to the dose used in other tumor mouse models [26] .
Immunohistochemistry
Lung tissue sections were deparaffinized in xylene, rehydrated, and examined using immunohistochemistry. Sections were incubated with 3% H 2 O 2 for 12 minutes to block exogenous peroxidase and then incubated with PBS containing 10% normal horse serum. Antibodies against AcH3 (Millipore Corp., Billerica, Massachusetts) and FLIP (Abbiotec, San Diego, CA) were applied and left overnight at 4°C. Secondary antibodies labeled with horseradish peroxidase were then applied for 2 hours at room temperature. Slides were then developed with 3,3′-diaminobenzidine (DAB) as a substrate and counterstained with hematoxylin. Negative controls were prepared via omission of the primary antibodies. Paraffinized sections of murine liver and heart tissue were subjected to H&E staining and then pathological analysis to identify any drug-induced toxic effects.
Apoptosis was measured using a terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay. Lung tissue sections were deparaffinized as described above, incubated with 20 mg/mL proteinase K (Sigma Aldrich, Inc.) for 10 minutes, 3% H 2 O 2 for 12 minutes, and terminal deoxynucleotidyl transferase buffer for 2 minutes at room temperature. Tissue sections were then incubated with terminal transferase (Boehringer-Mannheim Corp., Mannheim, Germany) and biotin-160 (Roche, Indianapolis, IN) in a humidity chamber at 37°C for 1 hour. Following incubation, sections were incubated with 2% bovine serum albumin (BSA) for 10 minutes followed by horseradish peroxidaseconjugated streptavidin at 37°C for 1 hour. The tissue sections were washed twice with double-distilled water, stained with DAB, and counterstained with hematoxylin, as described above.
Statistical Analysis
Statistical comparisons of groups were performed using student t-test and Kaplan-Meier curves were generated using the GraphPad Prism 5 software program. A p-value of less than 0.05 was deemed as statistically significant.
RESULTS
MS-275 Sensitizes OS Cells to FasL-Induced Cell Death
The effects of MS-275 on clonogenic growth were examined in the metastatic OS cell lines, LM7 and CCH-OS-D. Both cell lines had relatively low levels of Fas expression, and as expected, were minimally sensitive to the effects of sFasL (Fig. 1) . While MS-275 alone partially inhibited cell survival, the combination of MS-275 and sFasL resulted in a greater inhibition of clonogenic survival (Fig. 1 ). This suggested that pretreatment of OS cells with MS-275 sensitized Fas − cells to sFasL. To determine the ability of MS-275 and sFasL to induce apoptosis, we examined the caspase activity in cells after treatment. We observed lower levels of full-length caspase-8 following treatment with both MS-275 and sFasL than after treatment with either agent alone ( Fig. 2A) . In fact, no decrease in full-length caspase-8 was observed in cells incubated with sFasL alone. Because caspase cleavage products do not always equate to caspase activity, we performed caspase activity assays in both cell lines. Once again we saw no significant change in caspase activity in cells treated with sFasL alone. However, pretreatment of cells with MS-275 significantly increased sFasL-induced caspase-8 and caspase-3 activity ( Figs. 2B and 2C) . Pretreatment with the pan-caspase inhibitor Z-VAD-fmk inhibited cell death following treatment with MS-275 alone and with sFasL, further confirming that MS-275 sensitizes Fas − OS cells to sFasL in a caspasedependent manner (Fig. 2D ).
MS-275 Induces Accumulation of Acetylated Histone H3
To confirm that MS-275 functions as a HDAC inhibitor, we examined changes in acetylated histone H3 levels by western blot at the dose that inhibited clonogenic survival. MS-275 induced a time-dependent increase in acetylated histone H3 which peaked at 48 hours, the timepoint at which MS-275 was able to both inhibit clonogenic survival and sensitize cells to sFasL. The total levels of histone H3 remained unaltered (Fig. 3) .
Effect of MS-275 c-FLIP mRNA and Protein Expression
We previously demonstrated that in both LM7 and CCH-OS-D cells, Fas expression was unaltered after treatment with MS-275 [29] . This suggested that the mechanism by which MS-275 sensitizes OS cells to sFasL is not mediated through induction Fas expression on the cell surface but may involve mediators of the Fas/FasL signaling pathway downstream of the Fas receptor itself. Quantitative real time-PCR and western blot analysis showed that cells treated with MS-275 had decreased levels of c-FLIP mRNA and protein (Figs. 4A and 4B). All OS cell lines tested expressed only the c-FLIP L isoform and not the c-FLIP S (data not shown).
Selective Knockdown of c-FLIP Increases Sensitivity of OS Cells to FasL-Induced Cell Death
To determine the relationship between MS-275-induced sensitization of OS cells to FasL and the downregulation of c-FLIP expression following treatment, we selectively decreased the expression of c-FLIP in OS cells by small hairpin-mediated knockdown of c-FLIP (data not shown). MTT assay was performed to assess cytotoxicity following treatment of negative control, scrambled control and shFLIP transduced cells with sFasL. Our data demonstrate that knockdown of c-FLIP significantly increased the sensitivity of OS cells to FasL-induced cell death (Fig. 5 ).
Effect of Oral Administration of MS-275 on LM7 OS Lung Metastases In Vivo
Since our results indicated that MS-275 sensitized OS cells to FasL-induced cell death in vitro we investigated the effects of orally administering MS-275 in vivo. The lung epithelium constitutively expresses FasL; therefore, MS-275 would be expected to induce tumor cell death and regression of OS lung metastases. To ensure that the drug was effectively distributed to the metastatic tumors in the lung, tumor sections were analyzed by immunohistochemistry for acetylated histone H3. As shown in Fig. 6A , tumor sections obtained from MS-275-treated mice had increased acetylated histone H3 expression. Tumor sections from MS-275-treated mice had significantly higher levels of TUNEL positivity and lower levels of c-FLIP expression than did DMSO-treated mice, which were consistent with our in vitro data (Figs. 6B and 6C ).
There was no evidence of significant organ toxicity observed following MS-275 treatment. MS-275-treated mice did experience intermittent diarrhea during treatment; however, this also occurred in the DMSO-treated mice. Examination of liver and heart tissue sections showed no evidence of irreversible cellular injury. Heart sections were entirely unremarkable. Liver sections from MS-275-treated mice had slightly larger and more metabolically active nuclei than did those from DMSO-treated mice (Fig. 6D ). In addition, liver sections from the MS-275-treated mice showed foci of mild steatosis. These are reversible cellular changes presumed to represent drug effect. Microscopic foci of probable acute inflammation were observed in liver sections from both treated and control mice with comparably low frequency.
As anticipated, treatment of mice with LM7 OS lung metastases with MS-275 also resulted in an inhibition of tumor growth. Oral administration of MS-275 significantly reduced the mean tumor surface area (p = 0.006), lung weight (p < 0.05) and number of micrometastases (p < 0.05) ( Figs. 7A and 7B) . The mean number of visible metastases did not differ significantly between the two groups, however, which may have resulted from the fact that the metastatic nodules in the control DMSO-treated group were extremely large and may have contained multiple smaller tumor nodules.
Given that oral administration of MS-275 was effective in inducing tumor cell apoptosis and inhibiting the growth of OS lung metastases, we investigated whether administration of the same dose of MS-275 affected the overall survival of mice. Mice treated with 20 mg/kg MS-275 every other day had a significantly increased survival when compared to the DMSO-treated control group (p = 0.026) ( Fig. 7C ).
DISCUSSION
Our laboratory previously showed that OS lung metastases were Fas negative in both mouse models and patient samples [3, 4, 9] . Our models utilized an intravenous tumor cell implantation method to establish lung metastases since it well understood that bone sarcoma metastasis occurs via the bloodstream rather than the lymphatic system [28] . We also have demonstrated that Fas + OS cells are rapidly cleared from the lung microenvironment by the FasL + lung epithelium, leaving only Fas − cells to form metastatic tumors [3, 5] . In contrast, OS lung metastases in FasL-deficient mice were comprised of both Fas + and Fas − cells [6] . These data provided the basis for our conclusion that Fas expression on OS cells and the FasL + lung microenvironment play a critical role in the metastatic potential of OS. We also demonstrated that inducing the re-expression of Fas using aerosol therapy resulted in the regression of OS lung metastases [5, 9, 10, 29] . There was no therapeutic effect, however, in FasL-deficient mice once again underscoring the importance of the lung microenvironment. The results presented herein extend our previous findings and indicate that the HDAC inhibitor MS-275 sensitizes OS to FasL-mediated cell death and may have potential as a therapeutic agent for the treatment of OS lung metastases.
At therapeutically achievable doses, MS-275 sensitized OS cells to FasL-induced cell death in vitro as indicated by a reduction in clonogenic growth and an increase in caspase cleavage/activity. Pretreatment of cells with the caspase inhibitor z-VAD-fmk decreased the sensitivity of cells to FasL following MS-275-treatment, suggesting that the mechanism is caspase-dependent, which is an integral component of Fas signaling. Blocking the Fas signaling pathway using FADD-dominant negative transfection of OS cells also inhibited the ability of MS-275 to sensitize cells to FasL-induced cell death [30] . Taken together, these results implicate a role for the Fas signaling pathway in the mechanism of action of MS-275. Upregulating cell surface Fas is one way to sensitize cells to FasL. However, we observed no change in Fas expression, as detected by flow cytometry, when OS cells were treated with MS-275 [30] . Therefore, we evaluated the effect of MS-275 treatment on the downstream mediators of the Fas pathway. Interestingly, we observed a downregulation in c-FLIP expression both in vitro and in vivo, implicating a role for c-FLIP in the mechanism of action. Further, knockdown of c-FLIP expression in OS cells, increased the sensitivity to FasL. This suggests that MS-275-mediated sensitization to FasL may be a consequence of the downregulation of c-FLIP following MS-275 treatment.
The inhibitor of apoptosis, c-FLIP, has been shown to regulate Fas-mediated apoptosis [31] . HDAC inhibitors such as dacinostat, panobinostat, depsipeptide, valproic acid and droxinostat have been shown to decrease c-FLIP expression and increase death-receptor mediated apoptosis in leukemia, breast cancer, pancreatic cancer and hepatoma cell lines [24, [32] [33] [34] [35] . Consistent with our findings, the pan-HDAC inhibitor, depsipeptide, also sensitized OS cells to Fas-mediated apoptosis and involved the downregulation of c-FLIP [22] . Depsipeptide is a selective class I/II HDAC inhibitor with more specificity for class I than class II HDACs [36, 38] . MS-275 is also selective for class I HDACs [37, 38] . Similar to depsipeptide, we demonstrated that MS-275 induced the downregulation of c-FLIP. Taken together these data support the hypothesis that the downregulation of c-FLIP may be related to class I HDAC inhibition. We report for the first time that OS cells with high metastatic potential and low Fas expression are sensitized in vitro to FasL-induced cell death by MS-275 with a synonymous downregulation of c-FLIP mRNA and protein. These findings are consistent with those reported above but are unique in that we demonstrated increased cell death and downregulated c-FLIP both in vitro and in vivo. We also report for the first time that oral administration of MS-275 decreases c-FLIP expression in OS lung metastases.
MS-275 has exhibited preclinical activity in several tumor models, including pediatric cancers [26, 30] . However, we observed the novel finding that oral administration of MS-275 in mice with established OS lung metastases resulted in increased tumor histone acetylation, tumor cell apoptosis, and tumor regression. MS-275-treated mice had fewer and smaller lung metastases compared with control DMSO-treated mice. Oral MS-275 also increased the overall survival in mice with established OS lung metastases. Importantly, the dose of MS-275 that produced antitumor activity did not cause significant toxic effects. The current clinical trials with MS-275 utilize an oral formulation. Our data showing the activity of oral MS-275 against established OS lung metastases indicate that this agent may have therapeutic potential for patients with relapsed OS in the lung. Visualizing and tracking the metastatic behavior of cells in vivo will allow us to better understand the response to MS-275 treatment and the effect of the tumor microenvironment on this response [39] . Experiments using in vivo imaging to track tumor response to therapy in real time are currently underway to validate our findings.
CONCLUSION
In summary, our data show that oral MS-275 is effective against OS pulmonary metastases as judged by a reduction in tumor size, number of metastases and an increase in survival. MS-275 has demonstrated therapeutic activity in several preclinical models and clinical trials either as a single agent or in combination with chemotherapy [37] . Our data is unique however, as we show for the first time that in addition to sensitizing OS cells to FasL, a class I-specific HDAC inhibitor affected the expression of c-FLIP both in vitro and in vivo and had a therapeutic effect in metastatic OS. We conclude that this downregulation of c-FLIP was associated with the sensitization of OS cells to FasL-induced cell death. Our findings indicate that MS-275 may have therapeutic potential for patients with OS lung metastases and also suggest c-FLIP as a possible new therapeutic target. LM7 and CCH-OS-D cells were treated with 2 μM MS-275 for the indicated times. Histones were then extracted by lysing cells with nuclear extraction buffer followed by centrifugation and sonication of lysates. Lysates were then subjected to separation on 10% SDS-PAGE followed by immunoblot analysis with antibodies against acetylated H3 and total histone H3. Numbers represent densitometry changes relative to histone H3 and compared to the untreated sample. Mice were injected intravenously with 2×10 6 LM7 cells. Treatment with 20 mg/ml MS-275 via oral gavage was initiated 42 days after tumor cell injection and continued every other day for 15 days. Mice were then sacrificed, and their lungs were extracted and analyzed using immunohistochemistry. Lung tissue sections were stained with antibodies specific for (A) AcH3, (B) TUNEL, and (C) c-FLIP (magnification, 400x). (D) Murine liver and heart tissue sections were analyzed using H&E staining.
Figure 7. MS-275 treatment inhibits OS lung metastases
Mice with LM7 lung metastastases received MS-275 as described in Fig. 7 (A and B) . Mice were sacrificed at the end of therapy, and their lungs were extracted, weighed, and assessed for tumor volume. (C) Mice with LM7 lung metastases received 20 mg/kg MS-275 every other day via oral gavage. Long-term survival was assessed from the first day of treatment until death. The mice were observed and deaths were recorded daily. Mice were sacrificed when they became moribund, and their deaths were recorded (p = 0.002).
